Maturity-onset diabetes of the young (MODY) is a subtype of Type II (non-insulin dependent) diabetes mellitus characterised by early onset, usually before 25 years of age, an autosomal dominant mode of inheritance with high penetrance, and a primary defect of insulin secretion [1, 2] . MODY is not an uncommon disorder and could account for about 2 to 5 % of all cases of Type II diabetes [3] . MODY is genetically heterogeneous and to date five MODY genes have been identified on chromosomes 20q12-q13.1 (MODY1) [4, 5] , 7p15-p13 (MODY2) [6, 7] , 12q24.2 (MODY3) [8, 9] , 13q12.1 (MODY4) [10, 11] and 17cen-q21.3 (MODY5) [12] . The MODY2 gene encodes the glycolytic enzyme glucokinase which plays a major role in the regulation and integration of glucose metabolism in pancreatic beta cells and liver [13] . Recent studies have shown that mutations in three transcription factors, hepatocyte nuclear factor-4a (HNF-4a) [5] (gene symbol TCF14), hepatocyte nuclear factor-1a (HNF-1a) [9, 14] (TCF1) and insulin promoter factor-1 (IPF1) [10] , are responsible for the MODY1, MODY3 and MODY4 subtypes, re- Diabetologia (1998) Summary Maturity-onset diabetes of the young (MODY) is a heterogeneous subtype of non-insulindependent diabetes mellitus characterised by early onset, autosomal dominant inheritance and a primary defect in insulin secretion. To date five MODY genes have been identified: hepatocyte nuclear factor-4 alpha (HNF-4a/MODY1/TCF14) on chromosome 20 q, glucokinase (GCK/MODY2) on chromosome 7 p, hepatocyte nuclear factor-1 alpha (HNF-1a/ MODY3/TCF1) on chromosome 12 q, insulin promoter factor-1 (IPF1/MODY4) on chromosome 13 q and hepatocyte nuclear factor-1 beta (HNF-1b/MODY5/ TCF2) on chromosome 17cen-q. We have screened the HNF-4a, HNF-1a and HNF-1b genes in members of 18 MODY kindreds who tested negative for glucokinase mutations. Five missense (G31D, R159W, A161T, R200W, R271W), one substitution at the splice donor site of intron 5 (IVS5nt + 2T®A) and one deletion mutation (P379fsdelT) were found in the HNF-1a gene, but no MODY-associated mutations were found in the HNF-4a and HNF-1b genes. 
Ó Springer-Verlag 1998
Summary Maturity-onset diabetes of the young (MODY) is a heterogeneous subtype of non-insulindependent diabetes mellitus characterised by early onset, autosomal dominant inheritance and a primary defect in insulin secretion. To date five MODY genes have been identified: hepatocyte nuclear factor-4 alpha (HNF-4a/MODY1/TCF14) on chromosome 20 q, glucokinase (GCK/MODY2) on chromosome 7 p, hepatocyte nuclear factor-1 alpha (HNF-1a/ MODY3/TCF1) on chromosome 12 q, insulin promoter factor-1 (IPF1/MODY4) on chromosome 13 q and hepatocyte nuclear factor-1 beta (HNF-1b/MODY5/ TCF2) on chromosome 17cen-q. We have screened the HNF-4a, HNF-1a and HNF-1b genes in members of 18 MODY kindreds who tested negative for glucokinase mutations. Five missense (G31D, R159W, A161T, R200W, R271W), one substitution at the splice donor site of intron 5 (IVS5nt + 2T®A) and one deletion mutation (P379fsdelT) were found in the HNF-1a gene, but no MODY-associated mutations were found in the HNF-4a and HNF-1b genes. Of 67 French MODY families that we have now studied, 42 (63 %) have mutations in the glucokinase gene, 14 (21 %) have mutations in the HNF-1a gene, and 11 (16 %) have no mutations in the HNF-4a, IPF1 and HNF-1b genes. Eleven families do not have mutations in the five known MODY genes suggesting that there is at least one additionnal locus that can cause MODY. [Diabetologia (1998) 
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Keywords Genetics, MODY, glucokinase gene, HNF1a, HNF-4a, HNF-1b, IPF1, transcription factors spectively. HNF-4a is a member of the steroid/thyroid-hormone receptor superfamily [15] and an upstream regulator of HNF-1a expression [16] . The genes encoding these two transcription factors are expressed in a number of tissues including pancreatic islets of Langerhans [17] . IPF1 is an homeo-domain transcription factor which is a key regulator of insulin and somatostatin genes expression. IPF1 appears to serve also as a master control factor of pancreatic development [11] . More recently, Horikawa Y. et al. [12] described a nonsense mutation, R177X, of the HNF-1b gene in a MODY associated family with bilineal inheritance of diabetes. HNF-1b is a homeodomain transcription factor which functions as a homodimer or a heterodimer with HNF-1a. Horikawa Y. et al. have screened the HNF-1b gene in 57 unrelated Japanese subjects with MODY. They found only one family with a mutation (2 %).
The relative prevalence of the different MODY subtypes remains uncertain. We have suggested previously that glucokinase mutations were responsible for about 50 % of MODY cases in France [7] . Subsequently, we observed that in half of the non glucokinase-linked MODY families that we studied, diabetes was linked to markers on chromosome 12 q, which suggested that the relative prevalence of MODY3 was at least 25 % [8] . These results were confirmed by the identification of nine different HNF-1a mutations in ten MODY3-linked kindreds [14] . On the other hand, we had reported that only two families in our study were marginally linked to the MODY1 locus [6] , which suggests that MODY1 is less common in our subjects than the other subtypes of MODY.
As 25 % of the French MODY families we studied have so far shown no evidence for linkage with any of the three known MODY loci, we proposed that there is at least one additional MODY locus [8] . The recent identification of the MODY1 and MODY3 genes allowed us to re-examine the evidence for the existence of this putative MODYx locus by directly screening for mutations in the known genes in these families. The aim of the present study was to analyse the MODY1 and MODY3 status of 18 non-glucokinase MODY families, by direct mutation screening of the HNF-1a and HNF-4a genes, given that we excluded mutations in IPF1 as a cause of MODY in these families [18] . Finally, given the recent finding regarding the role of TCF2 gene in MODY, we also screened this gene for mutations in the 11 families with no mutations in the four other known MODY genes.
Subjects and methods
Subjects and kindreds. Probands of 18 families were studied, 16 of which were of French (F30, F253, F387, F538, F571, F624,  F662, F681, F693, F694, F706, F709, F725, F728, F743, F748 ), one of Belgian (MT), and one of Brazilian (VA) ancestry. These subjects were seen by one of us at the outpatient clinics, or referred to us by their physician with a clinical diagnosis of MODY, including onset before 25 years of age and familial Type II diabetes consistent with an autosomal dominant inheritance. Clinical data were obtained for each available member (n = 213) of the 18 families during the course of a standard clinical examination performed either by one of us or the subject's personal physician. Subjects who were not overtly diabetic underwent oral glucose tolerance testing (OGTT) and a diagnosis of diabetes or impaired glucose tolerance (IGT) was made according to the criteria of the World Health Organisation [19] ; diabetes, fasting plasma glucose of 7.8 mmol/l or more or 2-h post oral glucose load of 11.1 mmol/l or more; and IGT, 2 h-post oral glucose load of 7.8 mmol/l or more. Subjects were considered to have mild fasting hyperglycaemia (MFH) if they had a fasting plasma glucose level between 6.1 and 7.7 mmol/l on two separate occasions. Out of the 213 family members, 107 (50.2 %) were men and 106 (49.8 %) were women; 65 (30 %) of them had diabetes, 14 (7 %) had IGT, 12 (6 %) had MFH, and 122 (57 %) were normoglycaemic. Average age at the time of the study ( ± SD) was 36 ± 18 years and average BMI was 22.7 ± 4.4 kg/m 2 (23.5 ± 4.5 and 22.0 ± 4.2 kg/m 2 for subjects with hyperglycaemia and normoglycaemia, respectively). Average age of diagnosis of hyperglycaemia was 30 ± 17 years (range 3±79). In all but one kindred (F538), hyperglycaemia was present in three consecutive generations and in all kindreds at least two subjects were diagnosed with Type II diabetes before or at the age of 25 years. All these families tested negative for glucokinase mutations by single strand conformation polymorphishm (SSCP) screening.
HNF-4a gene (MODY1) screening. Genomic DNA was extracted from whole-blood samples using the Puregene kit (Gentra, Minneapolis, Minn., USA). The promoter region and the 11 exons and flanking intronic regions of the HNF-4a gene of the 18 probands were amplified by polymerase chain reaction using the sequence specific primers described previously [5] . Polymerase chain reaction was performed in a 50 ml volume containing 100 ng of genomic DNA, 0.25 mmol/l of each primer and 1.5 U of AmpliTaqGold. All primers and Taq for this study were purchased from Perkin-Elmer Applied Biosystems (Foster City, Calif., USA). Polymerase chain reaction cycling conditions were denaturation at 94°C for 12 min followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 62°C for 30 s and extension at 72°C for 45 s, with a final extension at 72°C for 10 min for all primers except for those of exon 1A and 6, where annealing was at 60°C for 30 s and extension at 72°C for 30 s. Polymerase chain reaction products were purified using P60 columns (Bio-Rad, Richmond, Calif., USA) before both strands were sequenced using a Dye Terminator Cycle Sequencing Ready Reaction kit with AmpliTaq DNA Polymerase FS and an ABI Prism 377 sequencer (Perkin-Elmer Applied Biosystems).
HNF-1a gene (MODY3) screening. The HNF-1a gene was screened for mutations by direct sequencing for 13 of the probands or by an automated fluorescent SSCP technique, followed by sequencing of the SSCP variants for the remaining 5 probands. Whenever a mutation or SSCP variant was found in a proband, available family members were screened for its presence. The method used for screening the HNF-1a gene was adapted from a new SSCP protocol that we have developed, based on fluorescent end-labelling with an automated sequencer, using primers extended by universal M13 sequences [20] . The primers for the promoter region and the ten exons and flanking intronic regions of the HNF-1a gene and the PCR conditions used for direct sequencing and for the SSCP screening and subsequent sequencing of the positive fragments can be obtained from the authors (Diabetes Website). All probands with no mutations detected by SSCP where screened by direct sequencing using universal M13 primers.
IPF1 gene (MODY4) screening. The two exons, proximal promoter region and ±180 kb enhancer of the IPF1 gene have been sequenced on both strands in the 11 MODY families with no mutations in the other MODY genes as described elsewhere [18] .
HNF-1b gene (MODY5) screening. The nine exons, flanking introns and minimal promoter region of the TCF2 gene have been sequenced on both strand using universal M13 primers as described above in the eleven MODY families with unknown aetiology. The primer sequences were kindly communicated by Dr G. I. Bell ([12] personnal communication, Table 1).
Polymorphic markers genotyping and Logarithm of odds scores (Lod-scores) calculation. Out of the 18 kindreds 4 (F30, F253, F387, F538) have been tested previously for linkage with markers on MODY1 and MODY3 loci [6, 8, 21] . None of them showed significant evidence for linkage with these loci. We typed 9 of the 11 negative families (F30, F253, F538, F571, F624, F694, F725, F743, F748) (n = 118) with fluorescently labelled polymorphic markers localised near the MODY1 (ADA), MODY2 (GCK-CA), MODY3 (D12S1349, D12S395), MODY5 (D17S1788) loci respectively. The samples were loaded on an ABI377 sequencer (Perkin-Elmer Applied Biosystems) and analysed using the GeneScan 2.1 and Genotyper 2.0 softwares (Perkin-Elmer Applied Biosystems). The Lod-scores has been computed as usual [8] .
Clinical and biological data analysis. Results are expressed as means ± SD unless otherwise stated. Quantitative traits were compared by analysis of variance (ANOVA). When ANOVA was significant, comparisons between pairs were made using Tukey-Kramer HSD test [22] . Qualitative traits were analysed by contingency table chi-square tests. Statistics were calculated with the JMP software (SAS Institute, Cary, N. C., USA).
Results
HNF-4a gene (MODY1) screening. No mutations were observed in the promoter region or in the 11 exons and flanking intronic regions of the HNF-4a gene in any of the 18 probands among the 18 MODY families. In F.30, we found the T/I130 variant (exon4) described previously as a polymorphism [5] . The Ile allele does not co-segregate with diabetes in this family (Fig. 1) .
HNF-1a gene (MODY3) screening. The screening of a proband from a family (F387) that previously 
Intron 5 nt 2 T ®A at splice donor site showed exclusion of linkage with markers near the MODY3 locus [8] showed a deletion that removed the T of codon 379 (exon 6) resulting in a frameshift. We observed five missense mutations and one substitution in splice donor site of intron 5 in six probands ( Table 2 , Fig. 2) . Each of the variants co-segregated with MODY in these seven kindreds, suggesting that they play a causal role in the development of diabetes. All patients were heterozygous for these mutations. All mutations are located in sites likely to be important for HNF-1a function. The R200W and R271W mutations are localised in the DNA recognition domain (homeodomain) of the DNA binding region. The R159W and A161T mutations are localised in the B-domain of the DNA binding region and the P379fsdelT deletion is localised in the transactivation domain of HNF-1a. Three of these mutations were detected by the automated fluorescent SSCP technique, and the remaining four mutations were detected by direct sequencing (Table 2) .
IPF1 gene screening (MODY4).
As presented elsewhere [18] , we found no mutations either in the coding and splicing sites sequence or in the proximal promoter and ±180 kb putative enhancer region in any of the 11 probands among the 11 MODY families which tested negative for mutations screening in MODY1, 2, and 3 genes.
HNF-1b gene screening (MODY5).
No mutations were found in the nine exons, flanking introns and minimal promoter region of the TCF2 gene among those same 11 families (data not shown).
Polymorphic markers genotyping and Lod-scores calculation. All the cumulative Lod-scores showed exclusion of linkage of diabetes with the MODY1, MODY2, MODY3, and MODY5 loci in 9 of the 11 MODY families. Moreover, none of the Lod-scores indicated evidence of linkage in any of the MODY families (data not shown). The MODY4 locus have been also excluded [18] .
Clinical profile of MODY kindreds. Out of the 18 kindreds 11 carry no mutations in any of the 5 known MODY loci (Fig. 1) . Table 3 shows the clinical and biological data of affected individuals from these families (other-MODY) as compared with data from subjects from 45 MODY2 ( [23] and unpublished results) and 16 MODY3 ( [14] and this report) kindreds. The prevalence of overt diabetes in the subjects with other-MODY (62 %) seems to be intermediate between the low prevalence in MODY2 (45 %) and high prevalence in MODY3 (76 %) subjects. Insulin secretion assessed by the 2-h insulin to glucose ratio during an OGTT, was significantly decreased in MODY3 subjects as compared with MODY2 subjects suggesting the presence of a more severe glucose-stimulated insulin secretory defect. Subjects with other-MODY presented heterogeneous responses. The age of diagnosis of diabetes was significantly higher in other-MODY subjects than in the other groups. To avoid the ascertainment bias associated with this parameter we also compared the minimal age of diagnosis in the kindreds, which was significantly lower in MODY2 than in MODY3 and other-MODY kindreds. These clinical and biological data have, in part, been reported previously [8, 23, 24] .
Discussion
The screening for mutations of the HNF-1a/MODY3 gene in 18 non-glucokinase MODY families led to the identification of five missense mutations, one substitution in a splice donor site and one deletion of a base-pair in the coding region. The R159W and the P379fsdelT had been observed already in a British MODY kindred and a Danish MODY family, respectively [25, 26] but five of these mutations have not been described previously. These seven mutations seem to have a causative role in the development of diabetes. All of them co-segregate with the MODY phenotype in the kindreds and are located in sites likely to play an important role in HNF-1a function. Three of the four missense mutations were C-to-T transitions occurring at CpG dinucleotides, as observed already in many other HNF-1a mutations [9, 14, 25, 27] . These are known to be a hot spot for nucleotide substitutions in mammalian genes, presumably due to the deamination of methylated cytosine to thymidine [28] . The deletion of a base-pair in codon 379 results in a frameshift with the generation of a stop codon resulting in a predicted protein of 382 amino-acids. Two different types of deletion mutations have now been observed at codon 379: deletion of T in two families, one of French and one of Danish ancestry [26] and a deletion of CT in two British MODY families [9, 25] . These proteins are probably devoid of transcriptional activity. Truncated HNF-1a proteins of 348 to 416 amino acids in length have been found to accumulate outside the nuclear membrane, unable to activate target genes [29] . The effects of the amino-acid changes of the missense mutations on HNF-1a function remain to be investigated. The P379fsdelT mutation was found in a family (F387) where the MODY3 locus had been excluded by linkage analysis with the marker D12S76 (Lodscore = ±2.24) [8] . Retrospective examination of this family showed that one subject, considered to be affected, did not carry the mutation co-segregating with MODY in the family. This subject who had impaired glucose tolerance four years ago, now presents with normal glucose tolerance. Linkage analysis reassed in the family and taking into account this change in phenotype yields a Lod-score of 0.1 at 0 cM for the same marker. This observation points out the importance of prospective phenotyping in genetic studies of Type II diabetes, especially for subjects showing mild hyperglycaemia at the initial testing.
Our results indicate that mutations in the HNF-4a/ MODY1 gene are not a frequent cause of MODY in subjects of French ancestry. We failed to detected any mutation in the promoter or in the 11 exons and flanking intronic regions of the HNF-4a gene in the families we studied. Although we found the T/I130 variation in family 30, it did not co-segregate with diabetes in this family.
Out of the 18 kindreds we studied, 11 have no mutations in the 5 known MODY genes. This result is consistent with linkage studies which suggested the existence of at least one additional locus responsible for the MODY phenotype [8, 30] . As undiscovered mutations could still exist, particularly in unscreened regulatory regions, we typed nine families (out of 11) usable for linkage analyses with polymorphic markers mapping near MODY1, MODY2, MODY3, MODY4 and MODY5 loci. The Lod-scores did not give evidence of linkage of these loci with the MODY phenotype in those families. Analyses of a set of 67 MODY families of French ancestry that we collected show that 42 (63 %) ( [23] and unpublished results) are MODY2 and 14 (21 %) ( [14] and this report) are MODY3 subtypes, while none is MODY1, MODY4 or MODY5 subtypes. Thus, the additional unknown MODY locus or loci represent 16 % of the families we studied. For these computations of prevalences, we have excluded from our panel the MODY families collected in Belgium (n = 1) (this report), Brazil (n = 3) ( [23] and this report), and the Congo (n = 1) [23] . In contrast to our results, Hattersley et al. [25] have observed that glucokinase/ MODY2 mutations represented only 11 % of cases of MODY in a group of British kindreds but HNF1a mutations were highly prevalent (73 %) in that group. These contrasting results could be due to differences in the genetic background of the two populations, or could reflect, at least in part, an ascertainment bias in the recruitment of families. Indeed, hyperglycaemia of MODY2 often starts in childhood, while MODY3 is most often diagnosed after puberty or in early adult life. Many of the families we studied were referred to us by paediatric departments and this might have introduced bias in the relative proportion of the different MODY subtypes.
In conclusion, we have screened the HNF-4a/ MODY1 and HNF-1a/MODY3 genes for mutations in 18 kindreds that fulfilled the strict definition of MODY and tested negative for glucokinase mutations. We found seven mutations in the HNF-1a gene and none in the HNF-4a gene. Of the kindreds 11 carried no mutations in the 5 known MODY loci including the IPF1 and HNF-1b genes and did not show evidence of linkage with those loci, implying that additional locus or loci are associated with MODY ( [18] and this report). The identification of glucokinase as a diabetes susceptibility gene has led to the reassessment of the physiological and pathophysiological role of this enzyme. The recent identification of MODY1, MODY3, MODY4 and MODY5 genes now opens entirely new perspectives in the understanding of the molecular basis of Type II diabetes. Identification of the remaining MODY gene(s) will contribute to our knowledge of the mechanisms of glucose homeostasis and its disorders. Furthermore it will enable a molecular diagnosis to be made of all MODY patients.
